Objective-Prior work concerning maternal perception of the food environment suggests that perceived disparities in food resources resulted in reduced pup mass and dam reproductive success. We attempted to replicate this result with increased sample size and additional measures.
Introduction
The potential potency of transgenerational effects, and the influences of the intrauterine and post-natal environments on long-term health and obesity are topics of active exploration. Indeed, at two ends of the developmental spectrum, in their strategic plans, the National Institute on Aging wrote that investigators should strive to "Identify developmental, prenatal, early life, and environmental processes that affect aging, age changes, and disease," (1) , while the National Institute on Child Health and Human Development wrote "Understanding the developmental origins of health and disease will benefit from interdisciplinary … studies… prioritizing research on today's most common chronic conditions and diseases, such as obesity…" (2) . Epidemiological studies and follow-up work in animal models suggest alterations in maternal nutrition during pregnancy influence the long-term health of offspring, in some cases, contributing to an obesogenic phenotype (3, 4) . Upon reviewing the state of research investigating developmental programming and its influence on obesity, researchers from a scientific symposium held at the Pennington Biomedical Research Center in 2014 indicated a need for further research "identifying the mechanisms which cause or contribute to developmental programming…" (5) . The contribution of realized and perceived social disparity to developmental effects remains poorly understood in part due to a lack of appropriate animal models of the condition. We propose such a model using C57BL/6J mice.
Previously (6) we showed that a mother's perception of the food environment might affect her offspring. Specifically, we tested effects of maternal exposure to the sights and smells of conspecifics who were provided with an aromatic, varied, energy-dense food supply (i.e., a cafeteria diet), yet were themselves consuming an ordinary low-fat pelleted diet. In that study, we found a statistically significant effect of a perceived rich food environment that one cannot access, perhaps an experience of social disparity, on reducing pup mass and body fat at weaning, and borderline results suggesting greater difficulty in achieving successful pregnancy for dams. We concluded that "Although limited in sample size and power, our results suggest that perceptions of the social energetic environment influence reproductive physiology and offspring body composition. This calls for additional experiments to replicate the findings and if confirmed, to test the generality across species, and the proposed hypotheses." (6) In the present report, we describe such an attempted replication.
Methods

Animals and General Husbandry
All procedures were approved by and conducted in accordance with the guidelines of the University of Alabama at Birmingham Institutional Animal Care and Use Committee. Female (3 weeks old) C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, Maine, USA) in August 2015. Upon arrival, females (n=160) were housed in pairs (subject and peer) in the Optimice ® cage system (Animal Care Systems, Inc., Centennial, Colorado, USA) at 22 ± 2°C on a 12-hour light:dark cycle (lights on at 4am). The clear polycarbonate cages were fitted with unimice polycarbonate cage divider kits (Animal Care Systems, Inc., Centennial, Colorado, USA) that allowed visual, auditory, and olfactory (but no physical) contact between mice. Cages contained autoclaved hardwood chip bedding (NEPCO Bedding-Beta Chip, Warrensburg, New York, USA), and each side of the cage contained a water bottle (autoclaved tap water), an isolated portion of the stainless steel food hopper, and Enviro-dri ® nesting material (Shepherd Specialty Paper, Milford, New Jersey, USA).
Males (6 weeks old) C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, Maine, USA) in September 2015. Upon arrival, males (n=80) were group housed (2 to 3 per cage) in polycarbonate cages containing hardwood chip bedding, Enviro-dri ® nesting material, and a Hydropac ® watering system (Lab Products, Inc., Seaford, Delaware, USA). Males were given ad libitum access to purified, pelleted, low-fat diet (10% kcal from fat) (D12450B, Research Diets, Inc., New Brunswick, New Jersey, USA).
Phase I -Maturation on a cafeteria diet
Upon arrival, females (3 weeks old) were assigned to pairs (subject and peer) using a random number generator, and subject and peer were randomized to either the right or left side of the partitioned cage (50:50 right:left). Females were fed a cafeteria diet daily for 6 weeks. Each day, females were proffered an item from each of three general categories (Carbohydrate, Fat/sugar, Protein) (Table 1) , and uneaten food was removed after 24 hr. Body mass was assessed weekly through 9 weeks of age to the nearest 0.01 g using a precision balance. At 8 weeks old, one pellet of purified, low-fat diet (10% kcal from fat; D12450B, Research Diets, Inc.) was included in the food hopper with the cafeteria diet items to expose the mice to pelleted diet for one week before the next phase of the experiment.
Phase II -Breeding, gestation, and parturition At 9 weeks of age, body composition of females was assessed by quantitative magnetic resonance (QMR), (EchoMRI 3-in-1, software v.2013, EchoMRI LLC, Houston, TX), as previously described and validated (7) . Cages were then assigned to Treatment (n=40) or Control (n=40) by a random number generator. In the Treatment group, peers continued to receive the cafeteria diet feeding without low-fat diet pellets and subjects were switched from cafeteria diet to the low-fat diet only. In the Control group, both peers and subjects were switched to the low-fat diet. Males (8 weeks old) were introduced to subjects for breeding, but peers were not bred. After six days, males were removed and returned to their original group-housed cage.
For three weeks following breeding, body mass and food intake (i.e., food proffered (g) -food remaining (g)) for subjects, both of which on the low-fat diets, were assessed twice weekly. Frequent measures of body mass for subjects assisted in monitoring body mass changes during gestation. As observed in the pilot study (6) , steady increases in body mass beyond normal mass gain for virgin mice (ca. >1.9 g per week) indicated pregnancy. Rapid declines in body mass of pregnant mice (ca. ≥ 1.9 g per week) were indicative of apparent miscarriages. As subjects approached the third week of potential gestation, cages were monitored daily for signs of parturition. Within 24 hours of parturition, dams and their litters were weighed, the number of pups born were recorded, and body composition of dams was assessed by QMR. Peers were removed and euthanized. Dams and litters were placed with home nesting material into a clean Optimice ® cage containing fresh bedding with the partition removed and were fed the low-fat diet ad libitum throughout lactation.
Four weeks after the first breeding attempt (i.e., Wave 1), subjects that did not become pregnant were paired for six days with males who had previously sired a litter. Subjects and peers were monitored for three weeks as described above, and the same procedures were followed upon parturition. Any subjects not producing a litter after the second breeding attempt (i.e., Wave 2) were euthanized along with their peers.
Phase III -Lactation and weaning
During the three-week lactation period, dams and litters were weighed every other day, food intake was measured, and the number of live pups was recorded. On Day 21, pups were weaned and their body mass measured. Body mass and body composition by QMR were assessed for dams. One female and one male pup with median body mass from each litter were selected and were haphazardly assigned (experimental group assignment blinded) to a same-sex pair cage with the cage divider kits allowing individuals to be observed longitudinally. Pups were given ad libitum access to the low-fat diet. Dams and remaining pups were euthanized.
Body composition of euthanized pups was determined from carcasses by chemical analysis. Briefly, carcasses were opened and dried at 65 °C. The loss of mass during drying was body water. The dried mass was ground and extracted with petroleum ether in a Soxhlet apparatus (8) to determine fat mass and fat-free dry mass. Fat-free dry mass was burned overnight in a furnace at 600 °C to determine ash content. Lean mass for these pups was calculated as (fatfree dry mass -ash) + water mass.
Phase IV -Pup growth and body composition
Pups were monitored daily through 21 weeks of age. Body mass and food intake for individual pups were assessed weekly. Body composition was measured by QMR every four weeks starting at eight weeks old. Pups were euthanized at 21 weeks old.
Statistical analyses
Due to differences in the duration of exposure to Control or Treatment conditions between litter cohorts, data from dams pregnant on and pups born from the first breeding attempt (Wave 1) were analyzed separately from data collected from dams pregnant on and pups born from the second breeding attempt (Wave 2). The number of dams giving birth between Control and Treatment groups was compared using a Chi-Squared test, and the median numbers of pups born to either group were tested using Wilcoxon Score (Rank Sums) nonparametric test. Dam body mass, composition, and total food intake during pregnancy were analyzed using generalized linear models, and litter size was considered as a covariate but was removed from models when it lacked statistical significance. Pup size at birth, weaning, survival to weaning, and body composition at weaning were modeled using mixed models with adjustments for relatedness by dam identification number as a random effect. Pup mass from ages 3 to 21 weeks (average mass and maximum mass) was analyzed using a mixed linear model with Dam ID set as a random effect and repeated measures modeled with an ARMA (1,1) covariance structure. An alpha level of 0.05 (2-tailed) was set as the significance level. All analyses were run using SAS 9.4 (SAS Institute Inc., Cary, NC).
Results
Maternal Data -Pre-breeding, Pregnancy, Lactation
By the end of the 6-week maturation period on the cafeteria diet, no significant differences were observed between groups for body (p>0.631), fat (p>0.744), or lean mass (p>0.503; Table 2 ); however, dams that became pregnant on the first breeding attempt were larger (p=0.011) and had more lean mass (p<0.0001) ( Table 2) . No significant differences in total food intake during pregnancy were observed between groups for either Wave 1 or Wave 2 (p>0.254, Table 3 ), and litter mass at birth was not a significant covariate for food intake during pregnancy (p>0.105). When comparing pre-breeding body mass to that at parturition, all dams gained body mass and food intake was a significant covariate (p<0.001); however, there were no significant group effects on the change in body mass (p>0.207, Table 3 ). Analysis of body composition changes from pre-breeding to parturition indicate a mean fat mass loss of 1.27 ± 0.29 g SE and a mean lean mass gain of 3.97 ± 0.25 g SE across groups and waves, but there were no significant group effects (p>0.166, Table 3 ) and litter mass was not a significant covariate (p>0.05).
No apparent miscarriages were observed for either group or wave of pregnancies. The number of dams giving birth per group did not differ significantly between the Control and Treatment groups (Table 4 ; chi-squared = 0.241; p = 0.887). Dam body, fat, and lean mass at parturition did not differ significantly between groups for either Wave 1 or Wave 2 (Table 5 ; p > 0.16), and litter mass at birth was only a significant covariate for lean mass (p<0.02). One dam in Wave 2 from the Control group cannibalized pups as they were born, so after QMR at parturition, no further measures were collected on the dam. During the lactation period (parturition to weaning), there were no significant group effects on changes in body (p>0.559), fat (p>0.981), or lean mass of dams (p>0.200; Table 3 ), and litter mass at weaning was a significant covariate for change in lean mass. At weaning, no significant differences were observed between groups in Wave 1 for dam body, fat, or lean mass (Table 5 ; p > 0.53) even when adjusted for litter mass at weaning. In Wave 2, dams in the Treatment group had greater body mass (Table 5 ; p = 0.026) due to slightly higher fat mass (Table 5 ; p = 0.051) and lean mass (Table 5 ; p = 0.017).
Pup Data -Birth, Weaning, and Growth to 5 Months of Age
The number of pups born per litter in the Control group ranged from 5 to 9 for Wave 1 and 1 to 8 in Wave 2. For both Wave 1 and 2, the number of pups born per litter in the Treatment group ranged from 3 to 10. No significant differences between groups were observed for the average number of pups per litter or the average pup size at birth (Table 6 , p > 0.19). In Wave 1, a higher proportion of pups in the Control group survived to weaning (p = 0.23); however, in Wave 2, the trend reversed with a greater proportion of pups surviving in the Treatment group (Table 6 , p = 0.09).
At weaning, female pups born to Treatment dams in Wave 1 were smaller than female pups born to Control dams (Table 6 , p = 0.01), but male pups had similar body masses in each group (Table 6 , p = 0.08). For Wave 2 pups, no significant differences in body mass were observed for female pups (Table 6 , p = 0.48) with male pups showing marginally larger body mass in the Treatment group (Table 6 , p = 0.05). Body composition of pups at weaning for both waves was not significantly different between groups (Table 6 , p > 0.07). No significant differences in number of female or male pups weaned were observed (p > 0.632, Suppl. Table 1 ).
Pups followed to 21 weeks of age demonstrated no significant differences in average body mass (p=0.669 for males and p=0.325 for females) or maximum body mass (p > 0.29) (Figure 1 ). Monthly assessment of body composition by QMR revealed no significant group effects on body, fat, or lean mass (Table 7) .
Discussion
In the present study, we sought to replicate the original pilot experiment while doubling the sample size and incorporating additional measurements of ad libitum food intake during pregnancy, body mass, and body composition. The exposure to an apparent disparate food environment in this study did not significantly affect measured outcomes associated with dam physiology or reproduction. Similar to the original pilot study (6) , dam body, fat, and lean mass were not differentially influenced by the perceived food environment. The additional measures in the present study of food intake during pregnancy, body mass and composition changes from pre-breeding to parturition and again after the lactation period did not reveal any significant group effects.
Unlike the original study (6), we did not observe any apparent miscarriages. In the present study, we measured pup outcomes from birth, through lactation, and at weaning and did not discern significant effects of dam perception of the food environment on the number or size of pups in litters. Survival of litters to weaning seemed to be reduced for dams in the disparate environment but this trend was not significant and was reversed in the second set of pregnancies, also not a significant difference. Dam pregnancy only after a second breeding attempt may be related to moderately smaller body size prior to breeding, and this difference cannot be eliminated as a possible contribution to how successfully dams reared pups to weaning.
We did not observe significant effects of the dams' perceived food environment on pup body mass or composition at weaning, which is in contrast to the original study where pups born to dams in the disparate food environment had lower carcass mass and fat mass (6) . To explore the potential long-term impacts of being born to dams of disparate food environments, we followed the food intake, body mass, and body composition of male and female pups from each group. We did not observe group differences in these outcomes for either sex by 20 weeks of age.
Methodological differences between the pilot study and the current study should be considered when interpreting the different outcomes. The breeding procedure used in the pilot study differed from that used in the present experiment. In the first study (6), 6-week old males were housed with subject females (8 weeks old) for at least two weeks, possibly more, until females demonstrated mass gain indicative of pregnancy. During this time, females and males were proffered a double portion of 95% of ad libitum fed peer mice in the control group. The extended exposure to males made pinpointing the time frame of conception difficult in the pilot study. By condensing the breeding time to a six-day period, we reduced exposure to the males in the present study, allowed ad libitum access to the diet during breeding, and were able to correspond measures of dam body mass to the gestation period. Additionally, mice used in the current study were older at the time of breeding (females at least 9 weeks old and males at least 8 weeks old). Thus, the effects observed in the pilot study may be specific to the age of the females and or additional potential stressors associated with longer housing with males.
We did not observe significant group effects on food intake for dams during pregnancy; however, the diet proffered was a low-fat formulation (10% kcal from fat, 20% kcal from protein, 70% kcal from carbohydrate). In human populations, diets consumed under disparate social conditions typically contain high proportions of fat and sugar (9) . The diet used in the pilot study (6) was based on the NIH-31 open formula (7017, Teklad Diets, Envigo) and contained slightly higher energy contributions from fat and protein (14% kcal from fat, 24% kcal from protein, 62% kcal from carbohydrate) and the diet from the present study contained a higher proportion of carbohydrates. A lower protein to carbohydrate ratio in the diet of mice has been shown to improve metabolic outcomes in mice, similar to calorie restriction (10) . If the slight differences in diet composition between the pilot study and the current work affected reproduction outcomes in dams is not known. Future work to develop animal models of social disparity should consider incorporating an element of choice among diets of varied nutritional composition (low fat, high fat, and/or high sugar). Differences in nutritional preferences under perceived disparate conditions may indicate behavioral influences on food intake and subsequent physiology.
Conclusions from the pilot study led to two proposed hypotheses to explain the mechanism by which reproductive physiology was apparently influenced by perceived disparity. The first hypothesis suggested the perception of an energy-rich environment without access to energy-rich food caused dams to initiate energy-conservation that insufficiently supported gestation (6). We did not observe any physiologic changes to suggest dams had shifted from gestational support to energy conservation for self. Perceptions of nutrient availability via sensory systems without realized differences in available nutrients have been shown to influence lifespan in the fruit fly, Drosophila melanogaster (11), but to our knowledge, similar perception of energetic resources affecting reproductive success have not been reported in mammalian models. The second hypothesis suggested the inability of Treatment dams to access energy-rich foods may have triggered a social disparity where they experienced a lower position in the dominance hierarchy and potentially a perception of resource uncertainty (6). We did not evaluate dams for behavioral signs of anxiety or stress, and the physiologic metrics observed in the current study do not indicate signs of apparent social disparity.
Reproducibility among scientific studies aids in the advancement of hypothesis testing by directing future efforts either toward the paths highlighted from confirmatory results or toward revisiting the model of the phenomenon. While the results of the present study did not replicate the earlier findings of the pilot study, we have learned this particular model of perceived disparity may not appropriately illustrate the physiologic effects associated with this perception. Future studies can be designed to evaluate different potential triggers, and interactions among triggers, of perceived disparity and apparent trans-generational effects on metabolic health.
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Study Important Questions
-
Animal models of social disparity will allow scientists to evaluate transgenerational physiologic effects due to perceived and realized conditions of disparate resources.
Previously, in a smaller study with mice we found that maternal perceptions of food environment disparity contribute to lower pup mass and reduced reproductive success.
The current study reports null results from a larger scale testing of maternal perception of food disparity with increased sample size and increased measures of physiologic outcomes. Growth curve of male and female pups isolated from Control and Treatment Group litters. Pups born to dams experiencing equal food environment were classified as Control, and pups born to dams experiencing a disparate food environment were classified as Treatment. Values represent mean body mass ± SE (n = 9 to 20) for weekly body mass from 3 weeks of age (weaning) to 21 weeks of age. No significant differences in average body mass or max body mass were observed between groups or waves; p>0.238.
Gibbs et al. Page 12 Table 1 Cafeteria food items. During the maturation period (age 3 to 9 weeks), all female mice were proffered one item from each category each day. Only peer mice in Treatment group remained on this diet throughout study. Uneaten food was removed after 24 hours. Baseline measures of nine week old female C57BL/6 mice prior to breeding, separated by group and wave. Dams randomized to equal food environment between subject and peer cage-mates were classified as Control, and dams randomized to disparate food environments between subject and peer cage-mates were classified as Treatment. Subjects becoming pregnant on the first breeding attempt were designated Wave 1. Subjects becoming pregnant on the second breeding attempt were designated Wave 2. No covariates were used in the analysis. Values represent absolute means ± standard error (n). Table 3 Total food intake during pregnancy and change in body mass during pregnancy, body composition changes from pre-breeding to parturition, and body mass and composition changes from parturition to weaning, separated by group and wave. Dams randomized to equal food environment between subject and peer cagemates were classified as Control, and dams randomized to disparate food environments between subject and peer cage-mates were classified as Treatment. Subjects becoming pregnant on the first breeding attempt were designated Wave 1. Subjects becoming pregnant on the second breeding attempt were designated Wave 2. Food intake during pregnancy was a significant covariate for change in body mass during pregnancy. Litter mass at weaning was a significant covariate for change in lean mass during lactation. Values represent absolute means ± standard error (n). Table 4 A) Number of dams giving birth in the Control and Treatment groups and the number of dams not becoming pregnant after two breeding attempts. B) Total number of pups born to each group. Dams experiencing equal food environment were classified as Control, and dams experiencing a disparate food environment were classified as Treatment. Subjects becoming pregnant on the first breeding attempt were designated Wave 1. Subjects becoming pregnant on the second breeding attempt were designated Wave 2. Table 5 Dam body, fat, and lean mass at parturition and weaning. Dams experiencing equal food environment were classified as Control, and dams experiencing a disparate food environment were classified as Treatment. Subjects becoming pregnant on the first breeding attempt were designated Wave 1. Subjects becoming pregnant on the second breeding attempt were designated Wave 2. Litter mass at birth was a significant covariate for lean mass at parturition. No other covariates were used. Values represent absolute means ± standard error (n). Litter size and body mass of pups at birth with body mass and composition data at weaning for pups. Pups born to dams experiencing equal food environment were classified as Control, and pups born to dams experiencing a disparate food environment were classified as Treatment. Pups born from the first breeding attempt were designated Wave 1. Pups born from the second breeding attempt were designated Wave 2. Dam ID was included as a random effect. Values represent absolute means ± standard error (n). Table 7 Body, fat, and lean mass for pups at 20 weeks of age. Pups born to dams experiencing equal food environment were classified as Control, and pups born to dams experiencing a disparate food environment were classified as Treatment. Dam ID was included in as a random effect in the mixed model. Values represent absolute means ± standard error (n). Obesity (Silver Spring). Author manuscript; available in PMC 2018 August 24.
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